Abstract: A dual-stimuli polarizer-free dye-doped liquid crystal (LC) dimmer is demonstrated. The LC composition consists of photo-stable chiral agent, photosensitive azobenzene, and dichroic dye in a nematic host with positive dielectric anisotropy. Upon UV exposure, the LC directors and dye molecules turn from initially vertical alignment (high transmittance state) to twisted fingerprint structure (low transmittance state). The reversal process is accelerated by combining a longitudinal electric field to unwind the LC directors from twisted fingerprint to homeotropic state, and a red light to transform the cis azobenzene back to trans. This device can be used as a smart dimmer to enhance the ambient contrast ratio for augmented reality displays.
Introduction
See-through augmented reality (AR) displays, such as Google Glass, HoloLens, and Magic Leap One, are emerging due to their useful applications in education, engineering design, medical, retail, transportation, automotive, aerospace, gaming, and entertainment, just to name a few [1] [2] [3] [4] [5] [6] [7] . In such an AR system, the computer-generated images are projected to superimpose with the environment [8, 9] . As the ambient brightness increases, the image contrast ratio decreases gradually [10] . To enhance ambient contrast ratio, we could either boost the display luminance or dim the incident background light through a built-in sensor. The former is called adaptive brightness control, while the latter is called smart dimmer. A smart dimmer placed in front of the AR display helps to control the incident background light, which in turn improves the ambient contrast ratio. Recently, several types of smart dimmers have been developed, such as organic and inorganic electrochromic devices [11] [12] [13] [14] [15] [16] , nanoparticle devices [17, 18] , and guest-host liquid crystal (LC) devices [8, 10, [19] [20] [21] [22] [23] [24] [25] [26] . Each approach has its own pros and cons. Among them, dichroic dye (guest) doped LC (host) device is a potential candidate for smart dimmer due to its wide view, low cost, and polarizerfree characteristics [22, 23] . In this device, a few percent (2-3%) of dichroic dye is doped into a nematic LC host. The electric field-induced LC director reorientation changes the absorption of dichroic dyes, which in turn alters the transmittance of the incident background light. When the polarization of the incident light is parallel to the principal axis of dichroic dyes, the absorption is strong, resulting in a lower transmittance. On the other hand, when the incident polarization is perpendicular to the dye's principal axis, the absorption is weak and the transmittance is high.
Two types of polarization-independent guest-host systems have been developed, depending on the driving methods: one is by voltage, and another is by light. Most of abovementioned guest-host devices belong to the former. Recently, photo-responsive dye-doped LC device has been demonstrated, which is operated by light instead of voltage [24] [25] [26] [27] [28] . In such a device, transmittance changes from high to low by exposing a UV (or blue) light, while the reversal process is carried out by a red light. However, the response time is relatively slow (~42s), which limits its practical applications.
In this paper, we report a dual-stimuli dye-doped LC smart dimmer with a much faster response time. To achieve dual-stimuli responses, we dope some photo-stable chiral agent, photosensitive azobenzene, and dichroic dye into a nematic LC host with positive dielectric anisotropy (Δε>0). Upon UV light exposure, our device turns from initially vertical alignment (high transmittance state) to twisted fingerprint structure (dark state). The reversal process is accelerated by combining electric field (to unwind the fingerprint to homeotropic alignment) and red light (to transform azobenzene from cis to trans) because the LC host has a positive Δε. Such an electric-field-assisted reversal time can be reduced from ~10 seconds to a few milliseconds, depending on the applied voltage.
Experiment
Our liquid crystal mixture consists of four components: 1-4 wt.% left-handed photo-stable chiral agent (Merck S-811), 0.3-1.3 wt.% right-handed photo-responsive chiral azobenzene compound (PSC-01) [28, 29] , 2 wt.% black dichroic dye (Mitsui S428), and an LC host ZLI-2976 (∆ε = 11 at f = 1 kHz, clearing temperature T c = 101.7°C and birefringence Δn = 0.12 at λ = 589 nm). The mixture was stirred on a heating stage for several minutes to dissolve completely. Afterward, the mixture was injected to a 9-μm homeotropic cell where the LC directors were aligned perpendicular to the glass substrates. Commercial light sources, AMSCOPE UV LED lamp (365nm), blue (450nm) and red light (633nm) sources were used to irradiate the sample. Deuterium halogen light source (DH-2000), He-Ne laser beam (633nm) and HR4000CG-UV-NIR spectrometer from Ocean Optics were used to measure the spectrum and response time at different state. We used Olympus BX51 polarizing optical microscope to take the images of the sample.
Operation principles
A smart dimmer should be polarization independent because the ambient light is unpolarized. For this purpose, we doped dichroic dyes to a helical LC structure. Dichroic dyes are low molecular weight with elongated dimension. They preferentially absorb the light polarized along the longer axis and transmit the other. However, due to limited dichroic ratio (<15:1), the absorption will not be perfect. When the LC directors and dichroic dyes form cholesteric structure, the absorption is insensitive to polarization. Cholesteric structure are typically prepared by adding a chiral compound to the LC host to induce helical structure. In our device, we mixed a photo-stable chiral agent (S-811) and a photosensitive azobenzene dye (PSC-01) to the dye-doped LC mixture to induce chirality. Helical twist power (HTP) is used to define the chirality, and the net HTP of our mixture depends on the competition between the left-handed chiral agent (S-811, negative HTP) and right-handed azobenzene dyes (PSC-01, positive HTP). However, the HTP of right-handed azobenzene dyes changes upon transcis isomerization [30, 31] . Typically, azobenzene dyes stay in rod shape trans-state in the absence of UV-blue light [32, 33] . It has a broad absorption spectrum near UV region and the exposure to UV light changes the molecular conformation. Hence, the trans-azobenzene transforms into the cis-state; the latter has a smaller HTP than the former. Figure 1 depicts the operation mechanisms of our device. Initially, the concentrations of S-811 and PSC-01 are carefully chosen so that the positive HTP of PSC-01 cancels out the negative HTP of S-811, i.e. the net chirality is too weak to induce cholesteric helical structure. Because the mixture is confined in a cell with sufficiently strong homeotropic anchoring, the LC directors and dichroic dyes will be aligned in vertical direction, as Fig. 1(a) shows. In this unwound state, the light absorption is minimum and the device is in the transparent state.
The threshold pitch value to form helical structure is governed by P th = 2dK 22 /K 33 , where d is the cell gap, and K 22 and K 33 are the twist and bend elastic constants, respectively [34] . In an LC cell, when the net pitch value is smaller than the threshold pitch, twisted nematic structure occurs because the chiral torque is strong enough in comparison with the elastic torque. When the LC cell is exposed to UV-blue light, the trans-cis isomerization of azobenzene dye takes place and its positive HTP decreases while the negative HTP of photostable chiral agent remains unchanged. As a result, the net absolute HTP value of the mixture increases. When the pitch value is smaller than the threshold pitch, as shown in Fig. 1(b) , phase transition from homeotropic texture to twisted cholesteric structure occurs. Under such an LC director configuration, the absorption of dichroic dyes is insensitive to the incident light polarization, and the device turns into dark state. A typical contrast ratio of guest-host displays is about 3-5:1. Contrast ratio can be further improved by using a better dye with larger dichroic ratio, or increasing the dye's concentration or LC layer thickness, but the last two approaches would decrease the transmittance. To change from dark to bright state, we can illuminate the device with a red light or apply a voltage. Upon red light exposure, the cisazobenzene dyes are transformed back to trans-state, and therefore the net HTP decreases. When the net HTP is zero or weaker than the homeotropic anchoring, the pitch value exceeds the threshold value so that the helix is suppressed and the twisted fingerprint-to-homeotropic phase transition takes place. At this state, the device becomes transparent again due to minimum absorption. However, this reversal process takes around 10-20 seconds, depending on the red light intensity.
In order to accelerate the transition from dark to transparent state, we can also apply a voltage. Because our employed nematic host has a positive dielectric anisotropy, the LC directors and dichroic dyes will be unwound from fingerprint to homeotropic state by the electric field. When a longitudinal electric field is applied at cis-state where the device appears dark, as the electric torque exceeds the chiral torque, the LC directors and dyes will be reoriented back to their initial homeotropic state although the azobenzene molecules remain in cis-state [ Fig. 1(c) ]. Under such condition, as will be shown in next section, the transmittance remains the same as that of Fig. 1(a) . However, if the voltage is removed, the device will return to dark state quickly [ Fig. 1(b) ]. If we keep irradiating red light to the device for about 10-15 seconds (no matter the voltage is on or off), the cis-azobenzene will be converted back to trans-state and the chiral torque is weaker than the surface anchoring. As a result, the device will stay at transparent state even if we turn-off the voltage. As shown in Fig. 1(d) , both LC directors and dyes are in vertical alignment and azobenzene is in transstate, which is the same as Fig. 1(a) .
Results and discussion
We first measured the dichroic ratio of Mitsui dye S428 in the LC host ZLI-2976. To do so, we prepared 3 homogeneous LC cells with 9-µm gap and 1%, 2%, and 4% dye concentrations, and measured their transmittance T = exp(-αd), where αd represents the absorbance. Figure 2 shows the measured absorbance in two orthogonal polarizations. When the incident polarization is parallel to the long axis of dye molecules, the absorption is high (red line). However, when the polarization of incident light is perpendicular to the long axis of dye molecules, the absorption is decreased (black line). From the slopes of these two straight lines shown in Fig. 2 , we obtain the dichroic ratio of Mitsui S428 is 11.6 in the ZLI-2976 LC host. Figure 3 shows the measured transmission spectrum of our guest-host device from 400 nm to 700 nm at the room temperature (22°C). The results shown in Fig. 3 are obtained from the sample containing 4wt% chiral agent and 0.7wt% azobenzene dye. At initial state, the transmittance is relatively high (60-70%) in the visible region due to low absorption loss. Limited dichroic ratio, order parameter, and surface reflection also contribute to the rest of the loss. When the sample is irradiated with a UV light (λ≈365 nm) at 10 mW/cm 2 intensity, its transmittance decreases in the visible region, as the red line in Fig. 3 shows. For example, at 550 nm, the transmittance drops from ~70% to ~23%. After UV exposure, the LC directors and dichroic dyes turn into twisted fingerprint state. In this state, dichroic dyes strongly absorb the incident light and the device turns to dark state including ~5% scattering. When the UV light is removed, the device stays at fingerprint state. The twisted fingerprint state is very stable and can last for more than 10 hours. The reversal process from dark to bright state was carried out by exposing the sample with a red light (633nm) at 5.5 mW/cm 2 intensity (blue line in Fig. 3 ). Besides red light, the reversal process can also be carried out by voltage. Figure 4 shows the measured transmittance change after applying different voltages at the post UV exposure state. As the voltage increases, the LC directors and dichroic dyes start to unwind but the transmittance decreases initially due to light scattering. Above 6V, transmittance starts to increase because of the reduced absorption and scattering. At ~10V, the LC directors and dyes are unwound completely and they turn into homeotropic state whereas azobenzene remains in the cis-state. Therefore, the device returns back to transparent state. Please note the electric field alone cannot transform the cis-azobenzene back to trans-state; additional red (or green) light exposure is required. Figure 5 shows the images behind our dimmer at different states. The photos were taken under the lab yellow lighting environment. Figure 5(a) shows the transparent image at initial state where the sample is not exposed to UV light. From this image we can easily recognize the colored word "LCD". Figure 5(b) shows the image at post UV exposure state. The image becomes dark as transmittance decreases due to trans-cis isomerization. Contrast ratio can be improved by increasing the dichroic dye concentration or using a thicker cell gap, but the trade-off is decreased transmittance. We applied 10V in the center area (with indium tin oxide (ITO) electrodes) at post UV exposure state and the image in this state is shown in Fig. 5(c) . The LCs and dyes in the electrode area are reversed back to the initial vertical state due to strong electric field, so that the image "LCD" becomes transparent again. However, the azobenzene remains in the cis-state (Fig. 1(c) ). To convert the cis back to trans, we exposed the sample with a red light (λ = 633 nm at intensity = 5.5 mW/cm 2 ) for ~20 seconds. This process is independent of whether the voltage is on or off. Figure 5(d) shows the transparent image, which is the same as Fig. 5(a) . We also measured the response time of our device from bright ( Fig. 5(a) ) to dark state ( Fig. 5(b) ) upon UV exposure. Figure 6 shows the measured transmittance (at λ = 633 nm) versus UV exposure time. The intensity of UV light was measured as 10 mW/cm 2 . From Fig.  6 , the response time (defined as transmittance changes from 90% to 10%) is 1.3 second. This response time could be further decreased by increasing the UV intensity [24] or using a faster azobenzene material [35] . It should be mentioned that this device stayed at dark state several hours after the UV light was turned off. At the post-UV exposure state, we applied 10V to the LC sample for 500 ms and recorded the reversal time from dark state to bright state. Results are shown in Fig. 7. From Fig. 7 , the reversal time from dark to bright is about 202 ms. If we increase the voltage to 50V, then the reversal time is reduced to ~8 ms. This reversal time is much faster than that of photo-driven device reported earlier [24] . However, when we turned off the voltage the device returns back to dark state within 36.7 ms, as shown in Fig. 7 . This is because the cis-azobenzene molecules bring the neighboring LCs and dyes back to the twisted fingerprint state, which is a stable state (Fig. 5(b) ). On the other hand, the voltage-on state (Fig. 5(c) ) is not a stable state, although its transmittance is the same as that of original state. To work as a dimmer, we can operate the device between these two states [ Fig. 5(b) and 5(c), corresponding to Fig. 1(b) and 1(c)] because of its fast response time. In order to return to the original stable state, we need to expose the sample with a red light In experiment, we used a HeNe laser beam with λ = 633 nm and intensity = 5.5 mW/cm 2 . Figure 8 shows the measured results. Due to red light irradiation, reversal cis-trans isomerization takes place and the HTP of azobenzene dye is slowly decreasing. After ~15-20 seconds (Fig. 8) , the HTP of left-handed S-811 and right-handed PSC-01 cancels out each other and the device stays transparent even if we remove the red light. Some groups are exploring the possibility of electro-isomerization of azobenzene materials. If successful, then we can eliminate the step of red light exposure [36, 37] . Next, we investigate how the concentration of left-handed chiral agent S-811 affects the performance of our device. We prepared four samples by varying the S-811 concentration from 1 wt.% to 5 wt.%, while keeping other material's concentration unchanged (0.7% PSC and 2% S-428) and inspected the samples under a polarizing optical microscope between crossed polarizers. Figure 9(a)-(d) shows the microscopic image at initial state and post UV exposure state for the 1%, 3% and 4% of S-811 samples. As shown in Fig. 9(a) , at initial state with 1%, 3%, and 4% concentrations the microscope image looks black because the LC directors and dyes are aligned perpendicular to the substrates. However, at the post UV exposure state (Fig. 9(b)-(d) ), the fingerprint textures appear. As the concentration of S-811 increases, the pitch of fingerprint state decreases and well-defined fingerprint texture forms which reduces light scattering. Finally, we prepared four samples by varying the concentration of azobenzene from 0.3% to 1.6%, while keeping 4% S-811. Figure 10 shows the measured results of transmittance versus azobenzene concentration in the post UV exposure state and after voltage. From Fig.  10 , we do not observe any noticeable difference in transmittance in both bright and dark states. It is apparent that at initial state, the HTP of azobenzene within this concentration range still cancels out the HTP of the 4% S-811. However, if azobenzene concentration is lower than 0.3% (with 4% S-811), this device does not work as a dimmer based on our proposed mechanisms. Lower birefringence liquid crystal helps to suppress the polarization rotation effect of the incident light. Therefore, we also used a lower Δn mixture (ZLI 1800-100, ∆n = 0.07, nematic range from −20°C to 61°C) as host and injected the mixture into a 9-μm homeotropic cell. Results (Fig. 11) are very similar to those of ZLI-2976 (Fig. 3) as transmittance of our device mostly depends on the absorption properties of the employed dichroic dye. 
Conclusion
We have demonstrated a polarizer-free dual-responsive LC dimmer consisting of chiral compound, dichroic dye, azobenezene, and LC host. Using photo-responsivity of azobezene dye and absorption properties of dichroic dyes, photo-switching from bright state to dark state is achieved by irradiating UV light. Reversal process from dark to bright state of our device can be carried out by applying a voltage or exposing a red light, or combined together, which offers a signifiantly faster response time than the previously reported photo-responsive device. Considering its low manufacturing cost and large fabrication tolerance, our photoresponsive device can be used as a light dimmer for augmented reality displays.
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